Introduction
In the list of popular pharmaceutical chemicals, there are many important hydrophobic drugs, such as doxorubicin and paclitaxel for cancer chemotherapy and propofol for general anesthesia. Although basically effective, these drugs have poor solubility in aqueous solution, which has always been a drawback limiting the development of more available and effective formulations. For this reason, much research has been conducted to increase the solubility and thus the bioavailability of these hydrophobic drugs. Despite the success of novel strategies such as soluble derivatives or prodrugs, [1] [2] [3] the strategy using a delivery system is still a predominant approach, particularly considering its potential to achieve targeted delivery or codelivery of different components. [4] [5] [6] In recent years, various types of materials have been investigated as delivery systems for hydrophobic drugs, including, but not limited to, liposomes, 7 polymeric nanoparticles, [8] [9] [10] hydrogels, 11, 12 and carbon nanotubes. [13] [14] [15] Several wellstudied materials have been developed into clinically available formulations, such as Abraxane ® and Doxil ® . 16, 17 At the same time, a category of self-assembling peptides as novel nanomaterials has emerged in the past decade with advanced properties in 18, 19 Based on their chemical structures, selfassembling peptides could form different nanostructures including nanoparticles, nanotubes, and nanofibers, which are also potential carriers for drug delivery. [20] [21] [22] [23] [24] [25] [26] It has been demonstrated that nanostructures with a high aspect ratio are advantageous as drug carriers; 27, 28 however, on the other hand, their drug loading capacity (LC) is usually very low, 24, 29 which has hampered the development of a drug delivery system based on these nanomaterials.
Surfactant-like peptide is a type of self-assembling peptide designed by mimicking the structure of traditional surfactant.
30-32 A 6 K, one of the simplest surfactant-like peptides, is composed of six hydrophobic alanines and one hydrophilic lysine. When first introduced about 10 years ago, A 6 K and other surfactant-like peptides were observed to form bilayered nanovesicles and nanotubes, which were expected to be potential carriers for biological molecules. 33 On the other hand, a series of investigations has demonstrated that A 6 K and other surfactant-like peptides could bind with the hydrophobic section of membrane proteins and stabilize their structure in aqueous solution, [34] [35] [36] which essentially confirmed that they could be potential carriers for hydrophobic substances. Recently, our group found that, when directly dissolved in pure water, A 6 K could form micellar nanofibers with a hydrophobic core and a very high aspect ratio, 37 indicating that it should be investigated as a possible delivery system for hydrophobic drugs.
Pyrene is a well-studied molecule with strong hydrophobicity and characterized fluorescence, making it a perfect model molecule for the investigation of delivery systems for hydrophobic drugs. [38] [39] [40] [41] [42] In this study, we used A 6 K to encapsulate pyrene in water suspension. The nanostructures of pyrene-A 6 K complex were studied, and then the content and fluorescence properties of encapsulated pyrene were analyzed. Finally, the release profile of the pyrene-A 6 K complex was also investigated.
Materials and methods
encapsulation of pyrene by a 6 K A 6 K (peptide sequence Ac-AAAAAAK-CONH 2 ) with a purity of over 95% was commercially synthesized (Shanghai Bootech BioScience and Technology Co Ltd, Shanghai, People's Republic of China). Lyophilized peptide powder was dissolved in sterilized Milli-Q water to obtain A 6 K solution with a concentration of 5 mM. Exceeded amount of pyrene (about 5 mg) was put into 5 mL of A 6 K solution or Milli-Q water and stirred magnetically for 6 hours.
The obtained mixture of A 6 K and pyrene was kept in the dark for 4 days to precipitate large particles and obtain a stable upper suspension that was used for further investigations. In order to remove large pyrene nanoparticles from the suspension and to investigate the encapsulating mechanism further, part of the suspension was centrifuged at 2,500× g for 15 minutes, and the supernatant was collected and studied in succeeding experiments and compared with the suspension. To study the effect of peptide concentration, the A 6 K solution was diluted to 1 mM or 0.2 mM with Milli-Q water, and the suspension/supernatant was obtained as described above. All treatments were carried out at room temperature.
confocal laser scanning microscopy
Based on the fluorescence of pyrene, confocal laser scanning microscopy (CLSM) (A1Si, Nikon, Tokyo, Japan) was used to observe possible pyrene-containing structures in the suspension and the supernatant. Ten microliters of each sample was dropped onto a clean glass slide and a cover glass slip was put on it to form a thin layer of liquid. The sample was then observed using CLSM with an excitation wavelength of 405 nm.
Transmission electron microscopy
To observe the detailed nanostructures in the suspension and the supernatant by transmission electron microscopy (TEM), a copper grid covered with carbon film was put on the surface of a small drop of suspension or supernatant to absorb a certain amount of sample on it, which was then negatively stained with phosphotungstic acid for about 2 minutes. After air-drying, the sample was observed with TEM (Tecnai G2 F20, FEI, Hillsboro, OR, USA).
Dynamic light scattering
Dynamic light scattering (DLS) was used to detect the size distribution of the nanoparticles in the suspension and the supernatant. One milliliter of each sample was put into a ZEN0112-low volume disposable sizing cuvette and kept at equilibrium at 25°C for 2 minutes prior to measurement. Intensity data were collected as a size-versus-fraction distribution plot using a Zetasizer Nano-ZS instrument (Malvern Instruments, Malvern, UK), with water (refractive index 1.33) chosen as the dispersant. For each measurement, the result was the average of 16-20 collections, and each sample was measured three times to obtain similar results. In order to keep their original states, both samples were measured without further treatment.
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Measurement of fluorescence
To study the state of pyrene in the suspension and supernatant, 1 mL of each sample was put into a quartz cuvette and the fluorescence was measured using a spectrophotometer (F-7000, Hitachi, Tokyo, Japan) with the following parameters: excitation wavelength 336 nm, emission wavelength 360-600 nm, excitation slit width 20 nm, emission slit width 2.5 nm, scan speed 240 nm/min, and response time 0.5 seconds.
Determination of pyrene concentration
The concentration of pyrene in the suspension and supernatant was determined by monitoring the I1 fluorescence peak at 374 nm. A calibration curve was constructed by measuring the I1 fluorescence values of a series of standard pyrene solutions dissolved in ethanol (Supplementary data, Figure S1 ). Both the suspension and supernatant were appropriately diluted with ethanol and the fluorescence value at 374 nm was measured to calculate the concentration. At each peptide concentration, three separate batches of samples were prepared and measured, and statistical results were obtained as the mean ± standard deviation.
atomic force microscopy
In order to study the stability of the A 6 K nanostructures, atomic force microscopy (AFM; SPA400, SII Nanotechnology, Inc.) was used to compare the nanostructures before and after exposure to serum proteins. Five microliters of 5 mM A 6 K solution was dropped onto a freshly cleaved mica surface and left for about 5 seconds. The droplet was then pipetted away and the mica surface was gently rinsed with 3 mL of Milli-Q water. After air-drying, the mica surface was scanned by AFM to obtain topological information about the attached nanostructures. The mica sheet was then immersed in Dulbecco's Modified Eagle's Medium supplemented with 10% fetal bovine serum. After incubation at 37°C for 3 days, the mica sheet was removed, and its surface was gently rinsed with 3 mL of Milli-Q water and scanned by AFM.
release of pyrene
Pyrene release from the suspension was investigated in a phosphate-buffered saline system. One milliliter of suspension was sealed into a dialysis tube (molecular weight cutoff 500-1,000 Da, Beijing Solarbio Science & Technology Co Ltd, Beijing, People's Republic of China) and dialyzed against 100 mL of 0.02 M phosphate-buffered saline (pH 7.4). At appropriate intervals (t 1, 2, 3…11 =0.2, 0.5, 1, 2, 4, 6, 8, 12, 25, 50, 75 hours), 1 mL of solution was removed from the release medium, and replaced immediately with 1 mL of fresh phosphate-buffered saline. For each interval, the concentration of pyrene released was determined by a fluorescence method similar to that described above, except that an alternative calibration curve was constructed using a standard pyrene solution in phosphate-buffered saline (Supplementary data, Figure S2 ), and all samples were measured without further dilution. When maximum release was reached, the cumulative release at each time point was calculated as follows: (1) where C n is the pyrene concentration at t n , C i is the pyrene concentration at t i , and C 11 is the maximum pyrene concentration reached at the end of the experiment.
Delivery of pyrene
Human hepatocellular carcinoma (HepG2) cells were used to test if the suspension could release and delivery pyrene to cultured cells. HepG2 cells were conventionally cultured to confluence, harvested, and adjusted to a density of 1×10 6 per mL. One milliliter of cells were transferred into a well of a 12-well plate, into which 20 μL of the suspension was added. The system was then gently shaken in a carbon dioxide cell incubator for 4 hours, after which the cells were rinsed in phosphate-buffered saline three times and resuspended in the same volume of phosphate-buffered saline. Next, 10 μL of cells was removed and dropped onto a clean glass slide, covered with a cover glass slip, and observed by CLSM with an excitation wavelength of 405 nm.
Results and discussion
Formation of pyrene suspension
Pyrene is a hydrophobic drug with extremely low solubility in H 2 O, so after stirring in Milli-Q water for 6 hours, the crystals of pyrene were poorly dissolved, sticking to the wall of the bottle, floating on the water surface, or precipitating at the bottom of the bottle. When the pyrene is stirred in A 6 K solution, it dispersed rapidly and formed a thick milky mixture. LSCM and TEM showed that this mixture contained many large pyrene particles (Supplementary data, Figures S3  and S4 ). While standing in the dark for 4 days, the mixture underwent slow precipitation and became clearer, and finally formed a stable milky suspension (Figure 1 was deemed to be stable when its appearance did not change dramatically and its fluorescence spectrum reached an equilibrium state (Supplementary data, Figure S5 ).
Fluorescent particles observed by clsM
By using CLSM, it was found that the suspension contained numerous fluorescent pyrene particles (Figure 2 ). Although the particles varied in terms of shape and size, they all seemed to be smaller than micron size, ie, much smaller than insoluble pyrene crystals. In contrast, the supernatant showed no obvious fluorescence (data not shown), indicating that fluorescent particles were removed after centrifugation. It should be noted that because of the diffusion of fluorescence and the limited magnification afforded by optical microscopy, details of the structure and size of pyrene particles could not be determined accurately by CLSM.
character of nanostructures
We then used TEM to further study the nanostructures in the suspension and supernatant. As shown in Figure 3A -C, the suspension contained nanoparticles no more than 100 nm in size that were wrapped up in dense nanofibers. These nanofibers were morphologically similar to what was observed for pure A 6 K in our previous work, 37 with an estimated diameter of 5-10 nm and length of several microns. However, the morphology of nanoparticles was somewhat diverse, particularly when TEM samples were prepared in different batches. The approximate diameter of the nanoparticles varied from 10 to 100 nm ( Figure 3A and C) , with an average of 43.61±27.03 nm (n=50). Further, smaller nanoparticles could form aggregates with a size of more than hundreds of nanometers ( Figure 3B) . Nanostructures in the supernatant were also observed by TEM. As shown in Figure 3D , all large particles in the supernatant had been effectively removed and only long nanofibers were observed.
The size distributions in the suspension and the supernatant were also characterized by DLS. As shown in Figure 4 , the size distribution in the suspension was predominantly around 400-1,000 nm, with a polydispersity index of 0.496±0.078 (mean ± SD), while the size distribution in the supernatant appeared to be around 30-70 nm and 200-600 nm, with a polydispersity index of 0.275±0.053. It should be pointed out that the size distribution data obtained by DLS were somewhat different from the results estimated on the TEM images. A possible reason for this difference is that DLS, as a method to measure the size of granular structures, could not accurately reflect the size of nanofibers with a high aspect ratio, which were predominant in both samples and affected the results obtained by DLS. However, the DLS results clearly showed that after centrifugation, the size distribution of the supernatant was obviously narrower than that of the suspension. Further, the size distribution of the supernatant was very similar to that of pure A 6 K reported in our previous study which was characterized by the distribution around 30-70 nm. 37 These results further indicated that, 
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Encapsulation and release of pyrene with self-assembling peptide nanofibers were measured, and clearly showed the existence and state of pyrene in both samples. As shown in Figure 5 , the fluorescence spectrum for the suspension revealed the existence of pyrene in two different states. Peaks seen at 360-440 nm indicated pyrene monomers, while peaks seen at 440-500 nm indicated the existence of pyrene excimers, ie, the nanosized pyrene particles described above. In the fluorescence spectrum for the supernatant, the absence of an excimer peak indicated the absence of pyrene particles, which is consistent with the results of the morphological studies. However, the spectrum for the supernatant also showed peaks for the pyrene monomer similar to those of the suspension, indicating that the supernatant also contained pyrene in the form of a monomer. Further, the I1/I3 values after centrifugation, large nanoparticles were effectively removed from the sample and the suspension contained only nanofibers. On the other hand, TEM and DLS measurements showed that the size distribution of the nanoparticles had high polydispersity.
Two states of pyrene indicated by fluorescence spectra
Although the results of the morphological studies reported above confirm the existence of nanosized pyrene particles wrapped up in A 6 K nanofibers, it is not clear if there were smaller pyrene molecules encapsulated in the hydrophobic cores of these nanofibers. For this reason, the pyrene fluorescence spectra of the suspension and supernatant for the suspension and supernatant were calculated to be 1.39 and 1.50, respectively, both of which were lower than that for pyrene in a polar water solution (about 1.7), indicating that the pyrene monomers in both samples were trapped in a hydrophobic environment.
Proposed model for encapsulating mechanism
Based on the results described above, a model was proposed to demonstrate the mechanism via which pyrene was encapsulated by A 6 K. As shown in Figure 6 , with its typical amphiphilic structure, A 6 K can self-assemble to form cylindrical micelles with a hydrophobic core, which could serve as a reservoir for hydrophobic pyrene monomers. However, because the compact packing of the hydrophobic region leaves limited space inside the micelles, the encapsulating efficiency of this mode is assumed to be very low. In contrast, larger pyrene crystals could be surrounded by free peptide monomers with their hydrophobic tails attaching to the surface of pyrene. This is similar to what has been described for surfactant-like peptides encapsulating membrane proteins.
36
The pyrene-peptide complex could be further wrapped up by nanofibers, which might be helpful for dispersing and stabilizing pyrene crystals in the suspension. In this model, pyrene could be encapsulated by A 6 K in two different states, allowing more pyrene to be encapsulated.
Increased pyrene concentration and loading capacity
As determined by the fluorescence method, the concentration of pyrene in the supernatant was 0.047±0.0053 mM, which was two orders of magnitude higher than the concentration of pyrene in saturated water solution (about 7×10 -4 mM, as reported elsewhere 43 ), while in the suspension, the concentration of pyrene was 0.655±0.045 mM, which was a further order of magnitude higher. The LC was then calculated as follows:
where C p is the concentration of pyrene, W p is the molecule weight of pyrene (202.26 Da), C a is the concentration of A 6 K (5 mM in our study), and W a is the molecular weight of A 6 K (613.73 Da). According to the equation, when only pyrene in the supernatant was counted, the LC was 0.31%. When pyrene in the suspension was counted, the LC was markedly increased to 4.14%.
Figure 5
Fluorescence spectra for the suspension and supernatant. coexistence of a monomer peak and an excimer peak indicates that pyrene exists in suspension in the two states. The absence of an excimer peak in the supernatant indicates the absence of pyrene nanoparticles. Abbreviation: aU, absorbance units.
Pyrene monomer Pyrene crystal
Figure 6
Proposed model for encapsulation of pyrene. The pyrene monomer could be trapped in the hydrophobic core of the a 6 K micellar nanofibers, and pyrene crystals could be wrapped up by many of these nanofibers. 
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Encapsulation and release of pyrene with self-assembling peptide nanofibers effect of peptide concentration Before studying the pyrene-peptide system further, we investigated the effect of peptide concentration on the system. Because the A 6 K concentration of 5 mM used in the above study was already close to saturation, the original peptide solution was diluted to 1 mM or 0.2 mM and used instead of 5 mM A 6 K to encapsulate pyrene. When the peptide concentration was 1 mM, TEM showed a nanofiber network with decreased density that could still encapsulate pyrene nanoparticles with an average size of 32.27±18.56 nm (n=50). However, both the photographic and TEM results for the suspension showed that a smaller amount of pyrene nanoparticles was encapsulated in 1 mM A 6 K ( Figure 7A and B) . When the peptide concentration was diluted to 0.2 mM, which was just a little higher than its critical micelle concentration (0.1 mM, as reported elsewhere 37 ), no obvious suspension was formed and TEM revealed very few nanofibers without nanoparticles entrapped within ( Figure 7C ). Further, Figure 7D indicates a decrease in the concentration of pyrene with decreasing peptide concentration. These results suggest that the density of the nanofibers as determined by peptide concentration was the predominant parameter affecting encapsulation efficacy, supporting the model proposed above.
stability of a 6 K nanofibers
In a previous study, we showed that A 6 K nanofibers were sensitive to extreme pH and high temperature conditions. However, considering their potential biological application, 
Figure 9
Release profile for pyrene from the suspension. Rapid release occurred in the first 12 hours, after which pyrene was slowly released until an equilibrium state was reached.
we needed to determine their stability in mild physiological conditions. As shown in Figure 8 , after incubation in cell culture medium, nanofibers attached onto a mica surface remained assembled, indicating that physiological pH and presence of serum protein could not change or destroy the self-assembling nanostructure of A 6 K, establishing it as an ideal material for drug delivery.
release and transfer of pyrene
We then studied the release profile of the suspension obtained with 5 mM A 6 K. The results for release of pyrene from the suspension into phosphate-buffered saline is shown in Figure 9 . In the first 12 hours, the system showed a very fast release profile, with about 90% of pyrene released.
After 12 hours, release of pyrene became very slow and an equilibrium state was reached after 75 hours. This two-stage release profile is consistent with the two-state encapsulating mode: most of the pyrene crystals wrapped up by the nanofibers would be released easily and more rapidly, and the small amount of pyrene monomers encapsulated in the core of the nanofibers would be released very slowly.
Finally we used HepG2 cells as a model to study if our system could release and transfer pyrene into living cells. As shown in Figure 10 , after incubation with the pyrene-A 6 K suspension, HepG2 cells showed obvious pyrene fluorescence, indicating that pyrene could be readily released from the complex in the suspension and effectively transferred into the cells.
Conclusion
Using surfactant-like peptide A 6 K as a carrier material and pyrene as a model drug, we have identified a potential encapsulation and delivery system for hydrophobic agents. It was found that pyrene could be encapsulated by A 6 K in two different modes, ie, either trapped in the hydrophobic cores of micellar nanofibers as monomers or wrapped up by nanofibers as nanosized crystals. This two-state encapsulating model, in particular wrapping up by nanofibers, could greatly increase the concentration of pyrene as well as the LC of the system. Further, the encapsulated pyrene could be readily released and transferred into living cells. These results suggest that surfactant-like peptides such as A 6 K could be a promising type of nanomaterial for the encapsulation and 
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Encapsulation and release of pyrene with self-assembling peptide nanofibers delivery of hydrophobic drugs. Considering the fact that these peptides could be easily modified to have additional functions such as targeted delivery, it is very attractive to exploit drug delivery system based on surfactant-like peptides. However, our current work is mainly focused on the basic encapsulating mechanism, and more detailed parameters, such as the amount of pyrene and duration and speed of stirring, have not been investigated. In order to develop a drug delivery system based on our findings, more work needs to be carried out to optimize and standardize this procedure.
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Encapsulation and release of pyrene with self-assembling peptide nanofibers Supplementary data calibration curve for pyrene at higher concentrations in ethanol Standard pyrene solutions in ethanol were prepared at concentrations ranging from 1×10 -4 mM to 2×10 -2 mM. The fluorescence spectrum of each standard solution was measured to obtain its value at 374 nm. The parameters for measurement of fluorescence were set as follows: exciting wavelength 336 nm, scan speed 240 nm/min, excitation slit width 5 nm, emission slit width 5 nm, and photomultiplier tube voltage 400 V. The calibration curve was obtained as a concentration-versus-fluorescence plot ( Figure S1 ), from which the following equation could be obtained:
where y is the pyrene concentration and x is the fluorescence value at 374 nm. The adjusted R-square value is 0.99874.
calibration curve for pyrene at lower concentrations in phosphate-buffered saline
Standard pyrene solutions in phosphate-buffered saline (0.02 M) were prepared by diluting a stock pyrene solution (1 mM in ethanol) with phosphate-buffered saline, at concentrations ranging from 1×10 -5 mM to 6×10 -4 mM. The fluorescence spectrum of each standard solution was measured to obtain its value at 374 nm. Parameters for fluorescence measurement were set as follows: exciting wavelength 336 nm, scan speed 240 nm/min, excitation slit width 20 nm, emission slit width 10 nm, and photomultiplier tube voltage 400 V. The calibration curve was obtained as a concentrationversus-fluorescence plot ( Figure S2 ), according to which the following equation could be obtained:
x -4.48259×10 -5 (2) where y is the pyrene concentration and x is the fluorescence value at 374 nm. The adjusted R-square value is 0.99937. 
Figure S4
Transmission electron microscopic image of the initial mixture of pyrene and a 6 K. large pyrene particles with an irregular shape can be seen in this image.
Figure S5
Fluorescence spectra for the pyrene-a 6 K mixture at different storage times. In the first 4 days, the fluorescence value between 440-500 nm dropped markedly, indicating the decreasing of pyrene eximers. after 4 days, the spectra reached an equilibrium state, indicating that a stable suspension had been obtained.
